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We investigate a string-inspired scenario associated with a rolling massive scalar field on D-branes
and discuss its cosmological implications. In particular, we discuss cosmological evolution of the
massive scalar field on the ant-D3 brane of KKLT vacua. Unlike the case of tachyon field, because
of the warp factor of the anti-D3 brane, it is possible to obtain the required level of the amplitude of
density perturbations. We study the spectra of scalar and tensor perturbations generated during the
rolling scalar inflation and show that our scenario satisfies the observational constraint coming from
the Cosmic Microwave Background anisotropies and other observational data. We also implement
the negative cosmological constant arising from the stabilization of the modulus fields in the KKLT
vacua and find that this leads to a successful reheating in which the energy density of the scalar
field effectively scales as a pressureless dust. The present dark energy can be also explained in our
scenario provided that the potential energy of the massive rolling scalar does not exactly cancel with
the amplitude of the negative cosmological constant at the potential minimum.
PACS numbers: 98.80.Cq, 98.80.Hw, 04.50.+h
I. INTRODUCTION
Cosmological inflation has become an integral
part of the standard model of the universe [1].
Apart from being capable of removing the short-
comings of the standard big-bang cosmology, this
paradigm has gained a good amount of support
from the accumulated observational data. The
recent measurement of the Wilkinson Microwave
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Anisotropy Probe (WMAP) [2, 3] in the Cosmic
Microwave Background (CMB) made it clear that
(i) the current state of the universe is very close to a
critical density and that (ii) primordial density per-
turbations that seeded large-scale structure in the
universe are nearly scale-invariant and Gaussian,
which are consistent with the inflationary paradigm.
Inflation is often implemented with a single or
multiple scalar-field models [4]. In most of these
models, at least one of the scalar fields undergoes a
slow-roll period allowing an accelerated expansion
of the universe. It then enters the regime of quasi-
periodic oscillations, quickly oscillates and decays
into particles leading to reheating. The late time ac-
celeration of universe is supported by observations
2of high redshift supernovae and indirectly, by ob-
servations of the cosmic microwave background and
galaxy clustering. The cosmic acceleration can be
sourced by an exotic form of matter (dark energy)
with a large negative pressure [5]. Therefore, the
standard model in order to comply with the logical
consistency and observation, should be sandwiched
between inflation at early epoch and quintessence
at late times. It is natural to ask whether one
can construct a natural cosmological model using
scalar fields to join the two ends without disturb-
ing the thermal history of the universe. Attempts
have been made to unify both these concepts using
models with a single scalar field [6].
Inspite of all the attractive features of cosmologi-
cal inflation, its mechanism of realization still re-
mains ad hoc. As inflation operates around the
Planck’s scale, the needle of hope points towards
the string theory. It is, therefore, not surprising
that M/String theory inspired models are under ac-
tive consideration in cosmology at present. It was
recently been suggested that a rolling tachyon con-
densate, in a class of string theories, might have
interesting cosmological consequences. Using the
boundary conformal field theory (BCFT) technique,
Sen [7] has shown that the decay of D-branes pro-
duces a pressure-less gas with a finite energy density
that resembles a classical dust. He also shown that
the same results can be extracted from the tachyon
DBI effective action [8]. Rolling tachyon matter as-
sociated with unstable D-branes has an interesting
equation of state w which smoothly interpolates be-
tween −1 and 0. As the tachyon field rolls down
the hill, the universe undergoes an accelerated ex-
pansion and at a particular epoch, the scale factor
passes through the point of inflection marking the
end of inflation. At late times the energy density of
tachyon matter scales as a−3, where a is a scale fac-
tor. The tachyonic matter was, therefore, thought
to provide an explanation for inflation at the early
epochs and could contribute to some new form of
cosmological dark matter at late times [9]. Unfor-
tunately, the effective potentials for rolling tachyon
do not contain free parameters that could be tuned
to make the roll sufficiently slow to obtain enough
inflation and required level of density perturbations
[10]. The situation could be remedied by invok-
ing the large number of D-branes separated by dis-
tance much larger than ls (string scale). However,
the number of branes turns out to be typically of
the order of 1010. This scenario also faces difficul-
ties associated with reheating and the formation of
acoustics/kinks [11].
In this paper we consider a DBI type effective
field theory of rolling massive scalar boson on the D-
brane or anti-D brane obtained from string theory.
We then consider this effective action for the mas-
sive excitation of the anti-D3 brane of the KKLT
vacua, and study the cosmological evolution of the
scalar rolling from some initial value. The warp
factor, β, of the anti-D3 brane provides us an in-
teresting possibility to resolve the problem of the
large amplitude of density perturbations. We also
take into account the contribution of the negative
cosmological constant arising from the stabilization
of the modulus fields in the KKLT vacua [23]. This
is important to avoid that the energy density of the
rolling massive scalar over dominates the universe
after inflation. The present critical density can be
explained by considering both the minimum poten-
tial of the rolling scalar and the negative cosmolog-
ical constant. We also evaluate the inflationary ob-
servables such as the spectral index of scalar pertur-
bations and the tensor-to-scalar ratio, and examine
the validity of this scenario by using a complication
of latest observational data.
II. SCALAR ROLLING
Sen has discussed in [12] a general iterative pro-
cedure for constructing, in string field theory, a one
parameter time-dependent solution describing the
rolling of a tachyon away from its maximum. In
the Wick rotated theory, the solution to order Λ2 is
|Ψ〉 = Λ|φ0〉 − Λ2 b0
L0
|φ0 ∗ φ0〉+O(Λ3) , (1)
where L0 and b0 are the zero mode of the world-
sheet energy-momentum tensor and the ghost field
b, respectively. The higher order terms involve on-
shell scattering amplitude of external states |φ0〉.
This state is related to the zero momentum tachyon
vertex operator VT (0),i.e.,
|φ0〉 = cos(ωX(0))VT (0)c1|0〉 , (2)
where c1 is the first mode of the ghost field c,
the world-sheet field X is the Wick rotation of the
space-time time coordinate X0, and ω, at leading
order, is the mass of the tachyon field. At higher
order, ω is a function of the parameter Λ [12]. One
3can obtain a time-dependent solution after an in-
verse Wick rotation x = −ix0 on the final result.
As has been discussed in [12], one can make use
of the above method to generate a one parameter
time-dependent solution describing the oscillation
of a positive mass2 scalar field about the minimum
of its potential. In this case there is no need for
Wick rotation. For a scalar field φ of mass m, |φ0〉
is given by
|φ0〉 = cos(ωX0(0))Vφ(0)c1|0〉 , (3)
where again Vφ is the zero momentum vertex opera-
tor of the scalar field. At leading order, ω = m and
at higher order it is a function of the parameter Λ.
One can also find the BCFT associated with the
above massive scalar rolling solution. Since the fi-
nal solution in string field theory (1) is obtained
by iterating the initial solution (3), one may expect
that this corresponds to a BCFT that is obtained
by perturbing the original BCFT by the boundary
term
λˆ
∫
dt cos(ωX0(t))Vφ(t) , (4)
where λˆ = Λ+O(Λ2) and t is a parameter labeling
the boundary of the world-sheet. At the leading or-
der, ω = m and at higher order it is a function of Λ.
In this case also the higher-order terms are related
to on-shell scattering amplitude of the above vertex
operator [12]. The solution obtained in this way de-
scribes a one parameter family of BCFT, each mem-
ber of which is related to the boundary conformal
field theory describing the original D-brane system
by a nearly marginal deformation. Time evolution
of the sources of massless closed string fields can
be extracted from the boundary state [13, 14, 15].
Unfortunately, the perturbed BCFT is not solvable,
and hence we cannot explicitly compute the bound-
ary state associated with this BCFT [12].
In the present paper, however, we are interested
in an effective action that might produce the above
one parameter solution in field theory. Since the
above solution has one parameter, the effective ac-
tion should have only first derivative of the scalar
field [16]. Moreover, we expect that the effective
action should have non-abelian U(N) gauge sym-
metry when the original D-brane system involves N
coincident D-branes [17], or non-commutative U(1)
gauge symmetry when the original D-brane system
carries background B-flux [18].
Recently one of the present authors [19] discussed
an effective action that includes a first derivative
of the scalar fields which have the following vertex
operators
Vφ = ζi∂
nX ieik·X . (5)
In above relation, the index i runs over the trans-
verse directions of the Dp-brane, i.e., i = p +
1, · · · , 25, ζi represent the polarization of the scalar
state, and ka with a = 0, 1, · · · , p is the momentum
of the scalar state along the Dp-brane. Mass of the
above vertex operator is m2 = (n − 1)/α′ where n
is an integer number and
√
α′ is the string length
scale. Hence, for n ≥ 2 this vertex represents a
massive scalar state. The disk level four-point am-
plitude of the above scalar has been evaluated in
Ref. [19]. Then an expansion for the amplitude has
been found that its leading order terms correspond
to an action with a non-abelian gauge symmetry.
Reducing the non-abelian symmetry to the abelian
one in which we are interested, the leading couplings
are consistent with the following Born-Infeld type
action [19]:
S = −
∫
dp+1xV (φ) (6)
×
√
− det(ηab + 2πα′Fab + ∂aφi∂bφi) ,
where Fab and φ
i are the gauge field strength and
the scalar fields, respectively. The massive scalar
potential is
V (φ) = Tp
(
1 +
1
2
m2φiφi +
1
8
m4(φiφi)
2 + · · ·
)
= Tpe
1
2
m2φiφi , (7)
where Tp is the Dp-brane tension. In the second
line above we have speculated a closed form for the
expansion.
The massless closed string fields can be added
into the above effective action by the general
grounds of covariance, T-duality, and by the fact
that the world-sheet is disk, that is
S = −
∫
dp+1xV (φ)e−Φ (8)
×
√
− det(gab +Bab + 2πα′Fab + ∂aφi∂bφi),
where Φ, gab and Bab are the dilaton, metric and
the anti-symmetric two tensor fields, respectively.
One may use the world-sheet conformal field the-
ory technique [20] to evaluate the S-matrix element
4of two massive scalar states (5) and one massless
closed string vertex operators to confirm the closed
string couplings in the above action. The scalar
fields are not massless so, unlike the massless case,
the expansion of the amplitude will not be a low-
energy expansion. In order to find an appropriate
expansion for the S-matrix element, one may firstly
evaluate the amplitude in the presence of the back-
ground B-flux [21]. The amplitude has then mass-
less pole and infinite tower of massive poles. Us-
ing the fact that the effective field theory in this
case is a non-commutative field theory, and that the
non-commutative massive field theory has graviton-
gauge field coupling as well as the scalar-scalar-
gauge field coupling, then, one finds that the expan-
sion of the amplitude should be around the mass-
less pole. After finding the expansion, one may set
the background B-flux to zero. The leading non-
zero term of the expansion should then be consis-
tent with the coupling of the scalar-scalar-massless
closed string field extracted from the above action.
The construction of the massive effective action
from S-matrix element can easily be carried out in
the superstring theory. One needs only consider
the analog of the massive vertex operators (5) in
the superstring theory. It is argued in [19] that
the action (6) is consistent with the leading order
terms of the S-matrix element of four massive ver-
tex operators in the superstring theory. The index
i in this case takes the values i = p+ 1, · · · , 9, and
m2 = (n − 1)/(2α′) with n ≥ 1 for BPS D-branes
in which we are interested. On the general grounds,
one expects that the closed string fields Φ, Bab and
gab have the coupling consistent with the action (8).
In the superstring, there is also the RR massless
closed string fields. One may study the S-matrix
element of two massive scalar and one RR vertex
operators to find the coupling of RR to the scalar
fields. However, we are not interested in these cou-
plings here.
In the present paper, we are interested in the cos-
mological evolution of the massive scalar rolling of
BPS-D3-brane of type IIB string theory. In princi-
ple one can study this evolution in string field the-
ory or in the BCFT as we already mentioned above.
However, no analytical solution can be obtained in
string field theory, and BCFT is not solvable in this
case [12]. Hence we stick to the effective action (8)
and find the cosmological evolution in this field the-
ory.
In order to study the cosmological evolution of
the D3-brane or anti-D3 brane, one has to assume
that the extra six dimensions of type IIB string the-
ory are frozen in a compact manifold such that evo-
lution of the massive scalar field on the brane does
not decompactify the internal manifold . Recently a
construction of this compactification was reported
by the authors in Ref. [23] (KKLT). In the next
section we review this construction.
III. REVIEW OF KKLT VACUA
The low energy effective action of string/M-
theory in four dimension is described by N = 1
supergravity,
S =
∫
d4x
√−g
[
M2p
2
R+ gµνKab¯∂µϕ
a∂νϕ¯
b
−eK/M2p
(
Kab¯DaWDb¯W¯ −
3
M2p
|W |2
)
+ · · ·
]
, (9)
where a, b run over all complex moduli fields. In the
above equation, the holomorphic function W (ϕa) is
the superpotential, K(ϕa, ϕ¯b) is the Kahler poten-
tial, Kab¯ = ∂
2K/∂ϕa∂ϕ¯b is the Kahler metric, and
DaW is the Kahler derivative,
DaW =
∂W
∂ϕa
+
W
M2p
∂K
∂ϕa
. (10)
The supersymmetry will be unbroken only for the
vacua in which DaW = 0 for all a; the effective
cosmological constant is thus non-positive. Some
preferable choices of the Kahler potential K, and
superpotentialW will be selected at the level of the
fundamental string/M-theory. We set M2p = 1 in
the rest of this section.
Using the flux compactification of Type IIB string
theory [27, 28], the authors in Ref. [28] used the
following tree level functions for K and W :
K = −3 ln[−i(ρ− ρ¯)]− ln[−i(τ − τ¯ )]
− ln[−i
∫
M
Ω ∧ Ω¯] , (11)
W =
∫
M
G3 ∧ Ω , (12)
where Ω is the holomorphic three-form on the
Calabi-Yau space and G3 = F3−τH3 where F3 and
5H3 are the R-R flux and the NS-NS flux, respec-
tively, on the 3-cycles of the internal Calabi-Yau
manifold, ρ the volume modulus which includes the
volume of Calabi-Yau space and an axion field com-
ing from the R-R 4-form, C(4), and τ = C(0)+ ie
−Φ
is axion-dilaton modulus. SinceW is not a function
of ρ,one hasKρρ¯DρWDρ¯W¯ = 3|W |2, which reduces
the supergravity potential to
V = eK
(
Kij¯DiWDj¯W¯
)
, (13)
where i, j run over all moduli fields except ρ.
It is argued in [28] that the condition DiW = 0
fixes all complex moduli except ρ. This gives zero
effective cosmological constant. On the other hand,
the supersymmetric vacua that satisfies DρW = 0
gives W = 0, whereas, non-supersymmetric vacua
yield W =W0 6= 0.
The flux F3 and H3 are also the sources for a
warp factor [27, 28]. Therefore, models with flux
are generically warped compactifications,
ds210 = e
2A(y)gµν(x)dx
µdxν
+e−2A(y)g˜mn(y)dy
mdyn , (14)
where the warp factor, eA, can be computed in the
regions closed to a conifold singularity of the Calabi-
Yau manifold [28]. The result for the warp factor
is exponentially suppressed at the throat’s tip, de-
pending on the fluxes as:
eAmin ∼ exp
[
− 2πN
3gsM
]
, (15)
where gs is the string coupling constant, and inte-
gersM , N are the R-R and NS-NS three-form flux,
respectively. While the warp factor is of order one
at generic points in the y-space, its minimum value
can be extremely small given a suitable choice of
fluxes.
In order to fix ρ as well, KKLT [23] added a non-
perturbative correction [29] to the superpotential,
that is
K = K0 − 3 ln[−i(ρ− ρ¯)] , (16)
W =W0 +Ae
iaρ , (17)
where A and a are two constants. In this equa-
tion W0 =
∫
G3 ∧ Ω and K0 = − ln[−i(τ − τ¯)] −
ln[−i ∫ Ω∧Ω¯] are evaluated at the above fixed mod-
uli. Now the conditions DiW = 0 is automati-
cally satisfied, and the supersymmetric condition
DρW = 0 givesW0 = −Aeiaρ(1+ia(ρ−ρ¯)/3) which
fixes ρ in terms ofW0. They also produce a negative
cosmological constant, that is
VAdS = −3eK |W |2 , (18)
where K and W in above equation should be eval-
uated at the fixed moduli including ρ. Therefore,
all the moduli are stabilized while preserving super-
symmetry with a negative cosmological constant.
In order to obtain a de Sitter (dS) vacuum, KKLT
introduced anti-D3 brane, and in so doing break the
supersymmetry of the above Anti de Sitter (AdS)
vacuum. The background fluxes generate a po-
tential for the world-volume scalars of the anti-D3
brane, hence, it does not introduce additional mod-
uli [30]. The anti-D3 brane, however, adds an addi-
tional energy to the supergravity potential [30]:
δV = 2a
4
0T3
g4s
1
(Imρ)3
, (19)
with a0 the warp factor at the location of the anti-
D3 brane, and T3 the brane tension. Because of the
warping the anti-D3 brane energetically prefers to
sit at the throat’s tip that has a minimum warped
factor. By tuning the fluxes which inter in Eq. (15),
one can perturb the above AdS vacua to produce dS
vacua with a tunable cosmological constant, that is
VdS = β2T3 − Λ , (20)
where β2 = 2a40/[g
4
s(Imρcr)
3] and Λ is the negative
cosmological constant of the AdS vacua. The effec-
tive action with all moduli stabilized is then
S =
∫
d4x
{√−g( R
2κ2
+ Λ
)
− β2T3
√−g
}
.(21)
By adding a string-inspired scalar field (inflaton)
to this action, one can study various cosmological
model in string theory.
IV. THE COSMOLOGICAL MODEL
Most of the cosmological model in the KKLT
vacua considers another mobile D3 brane in the
compact space [24]. In this setting the distance
moduli between D3 brane and anti-D3 brane plays
the rule of inflaton. The cosmological scenario in
this setting should be the following: When the mo-
bile D3-brane is far from the constant anti-D3 brane
6the motion of D3-brane gives rise to inflation. When
the brane reaches to a critical distance from the
anti-D3 brane the scalar field converts to a tachy-
onic mode which causes brane-anti-brane annihila-
tion. This process makes a naturally graceful exit
from inflation and is expected to produce radiation
[31].
Adding the mobile D3 brane to the KKLT vacua
introduces some new moduli and ruins the nice
feature of the all moduli stabilized KKLT vacua
[22, 23]. It is shown in [24] as how to stabilize all
moduli in this case, however, volume stabilization
modifies the inflaton potential and renders it too
steep for inflation.
Our cosmological model does not introduce any
new moduli to the KKLT vacua. It, instead, consid-
ers a massive open string excitation of the anti-D3
brane as the inflaton. The cosmological scenario
should be the following. Rolling of this scalar field,
φ, from an initial value φ0 towards the minimum of
its potential generates inflation when φ is far from
its ground state φ = 0, reheats the universe when φ
oscillates around its minimum at φ = 0, and even-
tually mimics the KKLT cosmological constant (20)
when it sits at φ = 0[25, 26].
The initial value of the scalar field in the infla-
tion epoch is far from its ground state, hence, one
should use an effective action for the scalar field
which includes all power of φ. We use the DBI type
action introduced before as the effective action for
the massive scalar field φ. When the anti-D3 brane
is in a generic point in the compact space, the scalar
and metric fields has the action
S = −
∫
d4xV (φ)
√
− det(gab + ∂aφ∂bφ) , (22)
where the scalar field φ has dimension
√
α′ and V (φ)
is given by
V (φ) = T3e
1
2
m2φ2 . (23)
However, the anti-D3 brane in the KKLT vacua is
in the warp metric (14) with warp factor β. The
action (22) for this metric becomes
S = −
∫
d4xβ2V (φ)
√
− det(gab + β−1∂aφ∂bφ).
(24)
Normalizing the scalar field as φ→ √βφ, one finds
the standard Born-Infeld type action
S = −
∫
d4xV (φ)
√
− det(gab + ∂aφ∂bφ) , (25)
where now the potential is
V (φ) = V0e
1
2
m2βφ2 , with V0 = β
2T3 . (26)
The constant V0 can be less than T3 for small values
of β with β < 1. Considering this effective action
for the massive open string excitation of the anti-D3
brane of the KKLT vacua, one finds the following
effective action
S =
∫
d4x
{√−g( R
2κ2
+ Λ
)
−V (φ)
√
− det(gab + ∂aφ∂bφ)
}
. (27)
We will consider cosmological evolution of the mas-
sive scalar rolling using the above effective action.
V. INFLATION FROM SCALAR ROLLING
In this section we study inflation from the mas-
sive scalar field rolling on the anti-D3 brane. In a
spatially flat Friedmann-Robertson-Walker (FRW)
background with a scale factor a, the energy mo-
mentum tensor for the Born-Infeld scalar φ acquires
the diagonal form T µν = diag (−ρ, p, p, p), where the
energy density ρ and the pressure p are given by [we
use the signature (−,+,+,+)],
ρ =
V (φ)√
1− φ˙2
− Λ , (28)
p = −V (φ)
√
1− φ˙2 + Λ , (29)
where a dot denotes a derivative with respect to a
cosmic time, t.
The Hubble rate, H ≡ a˙/a, satisfies the Fried-
mann equation
H2 =
1
3M2p
ρ =
1
3M2p

 V (φ)√
1− φ˙2
− Λ

 . (30)
The equation of motion of the rolling scalar field
which follows from Eq. (27) is
φ¨
1− φ˙2 + 3Hφ˙+
V,φ
V (φ)
= 0 . (31)
7The conservation equation equivalent to Eq. (31)
has the usual form
ρ˙+ 3H(1 + w)ρ = 0 , (32)
where the equation of state for the field φ is
w ≡ p/ρ = −1 + φ˙
2
1− c
√
1− φ˙2
, (33)
with c ≡ Λ/V (φ) ≤ 1. The conservation equation
formally integrates to
ρ = ρ0e
−3
∫
da
a
(1+w) , (34)
where ρ0 is a constant. In the inflation epoch we
have βm2φ ≫ 1, which gives c ≪ 1. This clearly
demonstrates that the field energy density can not
scale faster than 1/a3 (−1 ≤ w < 0) during this
epoch inspite of the steepness of the field potential.
Obviously, this is inbuilt in the evolution equation
(31). However, as we shall show later, in the reheat-
ing epoch the situation changes drastically.
The slow-roll parameter for the Born-Infeld scalar
is given by
ǫ ≡ − H˙
H2
=
3
2

 φ˙2
1− c
√
1− φ˙2


≃ 3
2
φ˙2 ≃ M
2
p
2
V 2,φ
V 3
. (35)
In deriving this relation we used the slow-roll ap-
proximations, φ˙2 ≪ 1 and |φ¨| ≪ 3H |φ˙| in Eqs. (30)
and (31), and also the fact that in inflation epoch
c ≪ 1. The condition for inflation is character-
ized by ǫ < 1, which translates into a condition,
φ˙2 < 2/3.
With the potential (26), the slow-roll parameter
is written as
ǫ ≃ m
4M2p
2T3
φ2e−
1
2
m2βφ2 . (36)
The slow-roll condition, ǫ < 1, can be satisfied for
large φ due to the presence of the exponential fac-
tor. Hence unlike the tachyon inflation in which
inflation happens only around the top of the po-
tential, it is possible to obtain a sufficient number
of e-foldings. Nevertheless it is important to in-
vestigate observational constraints on our scenario,
since this type of inflation typically generates den-
sity perturbations whose amplitudes are too high
to match with observations [10]. In the next sec-
tion, we will analyze whether our scenario agrees
with observations of the temperature anisotropies
in Cosmic Microwave Background (CMB).
VI. DENSITY PERTURBATIONS
GENERATED IN INFLATION DUE TO
ROLLING SCALAR AND OBSERVATIONAL
CONSTRAINTS
In this section we shall study the spectra of scalar
and tensor perturbations generated in rolling scalar
field inflation and analyze whether our scenario sat-
isfies observational constraints coming from CMB
anisotropies. Hwang and Noh [32] provided the for-
malism to evaluate the perturbation spectra for the
general action
S =
∫
d4x
√−g 1
2
f(R, φ,X) , (37)
which includes our action (27). Here the function
f depends upon the Ricci scalar R, a scalar field φ
and its derivative X = (∇φ)2/2. The Born-Infeld
scalar field corresponds to the case with
f =
R
κ2
+ 2Λ− 2V (φ)
√
1 + 2X . (38)
In this section we use the unit κ2 = 1.
Let us consider a general perturbed metric about
the flat FRW background [33]:
ds2 = −(1 + 2A)dt2 + 2a(t)B,idxidt
+ a2(t)[(1 + 2ψ)δij + 2E,i,j + 2hij ]dx
idxj .
(39)
Here A, B, ψ, and E correspond to the scalar-type
metric perturbations, whereas hij characterizes the
transverse-traceless tensor-type perturbation. It is
convenient to introduce comoving curvature pertur-
bations, R, defined by
R ≡ ψ − H
φ˙
δφ , (40)
where δφ is the perturbation of the field φ.
Making a Fourier transformation, one gets the
equation of motion for R from the Lagrangian (38),
8as [32]
1
a3QS
(
a3QSR˙
)•
+ c2s
k2
a2
R = 0 , (41)
with
QS ≡ f,XX + 2f,XXX
2
H2
, (42)
c2s ≡
f,XX
f,XX + 2f,XXX2
, (43)
where k is a comoving wavenumber. In our case
we have c2s = 1 − φ˙2 > 0, which means that there
is no instability for perturbations [34]. We shall
introduce three parameters, defined by
ǫ1 ≡ H˙
H2
, ǫ2 ≡ φ¨
Hφ˙
, ǫ3 ≡ Z˙S
2HZS
, (44)
where ZS ≡ −(f,X/2 + f,XXX) = V (1 − φ˙2)−3/2.
Under the slow-roll approximation, |ǫi| ≪ 1, the
power spectrum of curvature perturbations is esti-
mated to be [32]
PS =
(
H2
2πφ˙
)2
1
ZS
, (45)
together with the spectral index
nS − 1 = 2(2ǫ1 − ǫ2 − ǫ3) . (46)
The tensor perturbation satisfies the equation
h¨ji + 3Hh˙
j
i +
k2
a2
hji = 0 , (47)
and its spectrum is simply given by
PT = 8
(
H
2π
)2
, (48)
together with the spectral index
nT = 2ǫ1 . (49)
Then the tensor-to-scalar ratio is defined as
R ≡ PTPS = 8
φ˙2
H2
ZS . (50)
Note that our definition of R coincides with the one
in Ref. [36] but differs from Refs. [37].
A. The amplitude of scalar perturbations
Making use of the slow-roll approximation in
Eqs. (30) and (31), the amplitude of scalar pertur-
bations is estimated as
PS ≃ 1
12π2
(
V 2
V,φ
)2
. (51)
For the potential (26), one obtains
PS ≃ β
2m4φ2
48π2ǫ2
. (52)
The slow-roll parameter ǫ is smaller than of order
unity on cosmologically relevant scales observed in
the COBE satellite. Then we have PS >∼ β2m4φ2
for ǫ <∼ 0.1. Since m is of order 1 in 1/
√
α′ unit,
one obtains the relation PS >∼ β2φ2. In order for
the slow-roll parameter to be smaller than 1 dur-
ing inflation, we require the condition βφ2 >∼ 1 in
Eq. (36) [note that we are considering the case with
T3 ∼ 1]. Therefore this gives PS >∼ β, which means
that the observed amplitude, PS ≃ 10−9, can not be
explained for β = 1. This is actually what was criti-
cized in Ref. [10] in the context of tachyon inflation.
However, we can avoid this problem by introducing
the D-brane in a warped metric with β satisfying
β ≪ 1.
Lets us consider other types of the potential to
check the generality of our scenario. In the case
of the polynomial potential, V (φ) = T3φ
p, one can
make a similar process of the transformation of vari-
ables carried out in from Eqs. (24) to (26), yielding
V (φ) = V0φ
p, (53)
with V0 = β
2+p/2T3. In this case the number of
e-foldings is
N =
∫ tf
t
Hdt ≃ V0
p(p+ 2)
(
φp+2 − φp+2f
)
, (54)
where φf is the value of φ at the end of inflation.
Expressing φ in terms of N , one gets the amplitude
PS =
[
V 20 {p(p+ 2)N}2(p+1)
] 1
p+2
12π2p2
, (55)
where we neglected the second term in the square
bracket of Eq. (54). In the quadratic potential (p =
92) we obtain PS = β
3/2
√
2T3N
3/2/3π2. Therefore
one can get PS ∼ 10−9 provided that β ∼ 10−8 with
T3 = 1 and N = 55. Note that it is impossible to
get a right level of the size of density perturbations
for β = 1.
When p≫ 1 the amplitude (55) is simplified as
PS =
βp2N2
12π2
. (56)
This explicitly shows that PS ≫ 1 for β = 1. In-
clusion of the β term that is much smaller than 1
suppresses the amplitude, which makes it possible
to obtain PS ∼ 10−9.
We shall also consider an exponential potential
V = V0e
λ
√
βφ, (57)
where λ is a constant and V0 = β
2T3. Since
the number of e-foldings is estimated as N =
V0e
λ
√
βφ/(λ2β), the amplitude of scalar perturba-
tions is
PS ≃ βλ
2N2
12π2
, (58)
which takes the similar form to Eq. (56), since the
exponential potential is viewed as the case of p ≫
1. With the choices λ = 1 and N = 55, one has
PS ∼ 10−9 for β ∼ 10−9.
From the above argument, we conclude that the
picture of the D-brane in a warped metric is cru-
cially important to get the right level of the ampli-
tude of scalar perturbations.
B. Observational constraints
in terms of the spectral index nS and the
tensor-to-scalar ratio R
Even if our scenario can satisfy the condition of
the COBE normalization, it is not obvious whether
the model can be allowed from other observational
constraints. In the Randall-Sundrum II braneworld
scenario, the steep inflation driven by an exponen-
tial potential is outside of the two-dimensional ob-
servational contour bound in terms of nS and R [38].
In this subsection, we shall investigate whether our
scenario lies in posterior contour bounds in the nS-
R plane.
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FIG. 1: 2D posterior constraints in the nS-R plane with
the 1σ and 2σ contour bounds. Each case corresponds
to (a) p = 2, (b) p = 4 and (c) p ≫ 1 for the potential
(53) with e-foldings N = 45, 50, 55, 60 (from top to bot-
tom). The scalar rolling potential (26) belongs to the
case (c).
Using the slow-roll analysis, we have
ǫ1 ≃ −
V 2,φ
2V 3
, ǫ2 ≃ 3
2
V 2,φ
V 3
− V,φφ
V 2
, ǫ3 ≃ −
V 2,φ
2V 3
, (59)
and
nS − 1 = −4
V 2,φ
V 3
+ 2
V,φφ
V 2
, (60)
nT = −
V 2,φ
V 3
, (61)
R = 8
V 2,φ
V 3
. (62)
This means that the same consistency relation,
R = −8nT, holds as in the Einstein gravity, as was
pointed out in Ref. [39] Therefore the observational
contour plot derived using this relation can be ap-
plied in our case as well. Note that this property
holds even in generalized Einstein theories including
the 4-dimensional dilaton gravity and scalar tensor
theories [40].
In the case of the polynomial potential given in
10
(53) nS and R are given as
nS − 1 = −2p(p+ 1)
V0φp+2
, R =
8p2
V0φp+2
. (63)
Since the value of φ at the end of inflation can be
estimated as φp+2f = p
2/(2V0) by setting ǫ = 1, the
number of e-folds is written as
N =
V0
p(p+ 2)
φp+2 − p
2(p+ 2)
, (64)
Combining Eqs. (63) and (64), we obtain the rela-
tion
nS − 1 = − 4(p+ 1)
p(2N + 1) + 4N
, (65)
R =
16p
p(2N + 1) + 4N
. (66)
For the quadratic potential (p = 2) one has
nS = 1 − 6/(4N + 1) and R = 16/(4N + 1),
which yields nS = 0.973 and R = 0.072 for a
cosmologically relevant scale, N ≃ 55. We have
nS = 1 − 5/(3N + 1) and R = 16/(3N + 1) for the
quartic potential (p = 4), giving nS = 0.970 and
R = 0.096 for N = 55. In both cases the theoret-
ical points are inside the 1σ observational contour
bound (see Fig. 1).
If we take the limit p ≫ 1, we can get nS and R
corresponding to the exponential potential (57) and
our potential (26), as
nS − 1 = − 4
2N + 1
, R =
16
2N + 1
. (67)
Actually this result completely coincides with what
was obtained in Ref. [39] for an exponential poten-
tial. In Fig. 1 we plot the theoretical values of nS
and R with e-foldsN = 45, 50, 55, 60 in 2D posterior
observational constraints. We find that the e-folds
with N >∼ 50 is inside the 1σ contour bound. Un-
like the Randall-Sundrum II braneworld scenario,
the steep inflation driven by an exponential poten-
tial (and even the steeper potential) is not ruled
out in the context of the rolling scalar field infla-
tion. Therefore the slow-roll inflation driven by the
massive Born-Infeld scalar field satisfies the obser-
vational requirement coming from CMB even when
the potential is steep.
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FIG. 2: The evolution of the equation of state parameter
w (for massive Born-Infeld scalar field) is shown versus
the scale factor for a fixed value of the warp factor β =
0.01 in case of Λ = 0. As the field evolves towards the
origin, the parameter w moves towards zero but never
attains it. After this stage, w fast drops and begins
to oscillate such that the average equation of state is
sufficiently negative and finally settles at −1.
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FIG. 3: The evolution of the Born-Infeld scalar field φ
for β = 10−3, T3 = 1 and Λ = V0. We start integrating
from the beginning of inflation with initial values φi =
170 and φ˙i = 0. In this case we get the e-folding N ∼ 73
around the end of inflation (t ∼ 200). This slow-roll
stage is followed by a reheating phase corresponding to
the oscillation of the field φ. Inset: The evolution of φ˙2.
This quantity rapidly approaches 1 during the transition
from the inflationary phase to the reheating phase.
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FIG. 4: The evolution of the equation of state parame-
ter w with same model parameters and initial conditions
as in Fig. 3. The equation of state is close to −1 dur-
ing inflation, which is followed by the oscillation of φ as
the system enters the reheating stage. At late times the
average equation of state corresponds to 〈w〉 = 0.
VII. LATE TIME EVOLUTION
We have seen in the preceding sections that the
massive scalar field rolling on the D-brane can de-
scribe the inflation at early epochs. We have shown
that sufficient inflation can be drawn assuming that
the field begins rolling from larger values towards
the origin at which its potential has a minimum
equal to VdS = β2T3 − Λ.
If the negative Λ term is absent, the potential
energy at φ = 0 is VdS = β2T3. From the require-
ment of the amplitude of density perturbations gen-
erated during inflation, we can determine the value
once other model parameters are fixed. For exam-
ple, in the case of the exponential potential (57),
we found β ∼ 10−9 for the choice λ = 1. Then the
potential energy at φ = 0 is V0 ∼ 10−18T3, which
is much higher than the critical density at present
(ρc ∼ 10−47GeV4) provided that T3 is of order the
Planck density. In this case, although there exists
a non-accelerating phase with φ˙2 > 2/3, the uni-
verse soon enters the regime of an accelerated ex-
pansion as the field approaches the potential mini-
mum. Therefore we can not have a sufficient long
period of radiation and matter dominant stages.
When Λ = 0 there exists another problem associ-
ated with the equation of state for the field φ. From
Eq. (33) one has w = φ˙2−1 for Λ = 0, which means
that the equation of state ranges −1 ≤ w < 0 (see
Fig. 2). By using Eq. (34) we find that the energy
density of the field φ decreases slower than ρ ∝ a−3.
Then this energy density easily dominates the uni-
verse soon after inflation, thus disturbing the ther-
mal history of the universe.
This problem can be circumvented by implement-
ing a negative cosmological constant arising from
the modulus stabilization. We wish to consider a
scenario in which the present value of the critical
energy density, ρc, can be reproduced when the field
settles down at the potential minimum (φ = 0), i.e.,
ρc = β
2T3 − Λ . (68)
This corresponds to the case where Λ is very close to
β2T3. Inclusion of this negative cosmological con-
stant drastically changes the dynamics of reheating.
We have c = Λ/V ≤ 1 during the reheating phase,
since V is greater than β2T3. If c is exactly one, one
can show from Eq. (33) that w ranges 0 ≤ w ≤ 1. In
this case the energy density of the field φ decreases
faster than a−3 from Eq. (34). More realistically c
is a function of time satisfying c ≤ 1, in which case
w changes between −1 and 1. Note that when c is
slightly less than 1 the equation of state reaches to
w = −1 when the field crosses φ˙2 = 0.
In Figs. 3 and 4 we plot the evolution of the field
φ and the equation of state w for the potential (26)
with β = 10−3, T3 = 1 and Λ = V0. As long as Λ is
very close to V0, the evolution of the system is very
similar what is shown in Figs. 3 and 4. During the
inflationary stage corresponding to 0 ≤ t <∼ 200 in
the figures, φ˙2 is much smaller than unity. This is
followed by a reheating stage during which the field
φ oscillates around the potential minimum. As seen
from the inset of Fig. 3, φ˙2 rapidly grows toward 1
during the transition to the reheating phase. From
Fig. 4 we find that the equation of state gradually
enters the region with positive w during reheating.
At late stage w oscillates between −1 and 1, which
yields the average equation of state 〈w〉 = 0. During
the initial stage of reheating φ˙2 is close to 1, which
means that the equation of state is approximately
given as w ≈ −1 + φ˙2 from Eq. (33). Therefore w
does not exceed 0 at the beginning of reheating, as
seen in Fig. 4. However this picture changes with
the decrease of φ˙2 and w can take positive values.
When φ˙2 becomes much smaller than 1, w oscillates
between −1 and 1, thus yielding the equation of
state for a pressure-less dust. This is similar to the
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FIG. 5: The evolution of perturbation δφk governed by
Eq. (69) for the massive Born-Infeld scalar. Unlike the
case of a tachyon field, the bahavor of perturbations re-
sembles with the evolution of δφk for an ordinary mas-
sive scalar field
standard reheating scenario with a massive inflaton
[41].
Thus our scenario provides a satisfactory equa-
tion of state during reheating unlike the case of the
tachyon inflation. It was pointed out in Ref. [11]
that there is a negative instability for the tachyon
fluctuations for the potential with a minimum, e.g.,
V (φ) = (1/2)m2(φ−φ0)2. One may worry that this
property may also hold in our scenario. However
this is not the case. The each Fourier mode of the
perturbation in φ satisfies the following equation on
the FRW background:
¨δφk
1− φ˙2 +
[
3H +
2φ˙φ¨
(1− φ˙2)2
]
˙δφk
+
[
k2
a2
+ (logV ), φφ
]
δφk = 0 , (69)
where k is a comoving wavenumber. This
is the generalization of the perturbation equa-
tion in Minkowski space time [11]. While the
(logV ), φφ term is negative for the potential V (φ) =
(1/2)m2(φ − φ0)2, our massive rolling scalar field
potential (26) corresponds to a positive mass with
(logV ), φφ = βm
2. It is, therefore, not surprising
that we do not have any instability for the pertur-
bation δφk in our case. The numerical treatment of
Eq. (69) confirms this behavior of field perturba-
tions (see Fig. 5). This is similar to what happens
in the case of the standard massive inflaton field,
thus showing a viability of our scenario.
The above good behavior originates from the
combination of the massive rolling scalar potential
and the negative cosmological constant coming from
the stabilization of the modulus. It is also possi-
ble to explain the present critical density ρc when
β2T3 is very close to Λ. Thus our scenario provides
a sound mechanism to explain inflation, reheating
and dark energy in the context of string theory.
VIII. CONCLUSIONS AND DISCUSSIONS
In this paper we have presented a scenario based
upon a massive scalar field φ rolling on the D-brane
which was shown in Ref. [12] as a possible solution
in string theory. Using a DBI type effective action
presented in Ref. [19], we have discussed the cosmo-
logical dynamics of the rolling scalar of the anti-D3
brane of KKLT vacua, and have demonstrated that
it can lead to inflationary solutions at early epochs.
In our scenario it is possible to obtain a sufficient
amount of inflation without tuning a fundamental
string scale, unlike the case of a rolling tachyon [10].
The warp metric in the KKLT vacua provides us a
free parameter, the warp factor β. The presence
of this parameter allows us to obtain the COBE
normalized value of density perturbations without
changing the brane tension and the masses of mas-
sive string states.
We further investigated scalar and tensor pertur-
bations generated during the rolling scalar inflation
and showed that our scenario is compatible with
recent observational data. It is interesting to note
that the steep inflation driven by an exponential po-
tential in the Randall-Sundrum braneworld II sce-
nario is out of the observational contour bounds
[38]. This is certainly related to the fact that the
dynamics of the Born-Infeld scalar is very different
from that of an ordinary scalar field as well as that
of a scalar field on the brane.
We have also implemented the contribution of the
negative cosmological constant which arises from
the stabilization of the modulus fields [23]. Al-
though this effect is not important during infla-
tion, the dynamics of reheating drastically changes
by taking into account the negative cosmological
constant that nearly cancels the potential energy
of the massive rolling scalar at the potential min-
imum. One of the problems of the tachyon infla-
tion is that the energy density of the tachyon scales
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slower than that of the pressure less matter and the
radiation [10, 11], which means that the tachyon
over-dominates the universe after inflation. In our
scenario this problem is solved by the negative cos-
mological constant. As shown in Sec. VII, the aver-
age equation of state of the field φ approaches that
of the pressure-less dust during reheating. We also
found that the negative instabity of the field fluctu-
ations in the tachyon case [11] is not present for the
rolling massive scalar field. This suggests that the
reheating proceeds in a similar way to the standard
one driven by a massive inflaton field.
The massive rolling scalar can be used to explain
the origin of dark energy provided that the poten-
tial energy at the minimum (β2T3) is very close
to the amplitude of the negative cosmological con-
stant. The presence of the negative cosmological
constant is crucially important to lead to a success-
ful reheating and to explain the origin of dark en-
ergy. Note that in the absence of the −Λ term it
is difficult to obtain the amplitude of the critical
density unless we choose very small values of β.
While we performed a detailed analysis about the
spectra of scalar and tensor perturbations generated
in the inflationary stage, we did not precisely study
the dynamics of reheating including the decay of
the field φ. One interesting aspect is the generation
of gauge fields coupled to the rolling massive scalar
as was done in Ref. [31] in the tachyon case. We
leave the future work about the precise analysis of
the reheating dynamics in our scenario.
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